Na-metasomatic augite and aegirine-augite episyenites are hosted by subalkaline amphibole granites in the 1.644 Ga Suomenniemi rapakivi granite complex, southeastern Finland. In an examined drill core, episyenites are bordered by up to 50cm-wide zones of Na-enriched augite-bearing granite in which alkali feldspar forms rims on plagioclase, and aggregates of augite and magnetite have formed by fluid-induced dehydration of hastingsite and biotite. In the episyenites, quartz has been partially removed, alkali feldspar (An <1 Ab 50 Or 50 ) and plagioclase have been partially recrystallized to granoblastic polygonal aggregates, and clinopyroxene (augite or aegirine-augite) has coarsened and been enriched in the aegirine component. Mass balance modeling implies addition of mainly Na, depletion of Si, F, Rb, Ba, Sr and 10-20% volume loss (by quartz dissolution) in the episyenitized zones in the drill core. Quartz-depletion and recrystallization may have been caused by several superimposed stages of alteration, probably related to voluminous dike-and A-type granite magmatism in the Suomenniemi area 10-15 m.y. after the emplacement of the Suomenniemi complex. Because of the coarse recrystallization textures and near-solidus recrystallization temperatures, distinguishing these fenite-like metasomatic rocks from igneous syenites is not trivial. In epizonal A-type granite complexes, high-temperature episyenites may be more common than currently thought.
Introduction
Episyenites are hydrothermally altered granitic rocks formed by dissolution of quartz by magmatic or meteoric fluids (Cathelineau 1986; Charoy and Pollard 1989) . Typically, they form small bodies along (inferred) fault zones in the upper crust, with numerous documented occurrences in France (Leroy 1978) , Germany (Hecht et al. 1999) , Sweden (Petersson et al. 2014; Petersson et al. 2012) and Ukraine (Cuney et al. 2012) , for example. Solubility of silica in aqueous fluids may increase with fluid alkalinity (Akinfiev and Diamond 2009) , and episyenitization is usually related to sodium metasomatism (e.g. Charoy and Pollard 1989) . Quartz-depleted syenitic rocks are also found in alkali-metasomatized (fenitic) aureoles of alkaline intrusions and carbonatites (Le Bas 1987) . Fenites are characterized by metasomatic aegirine-augite (that may replace quartz) and alkali feldspar. While episyenitization typically results in a vuggy rock with variable hydrothermal cavity fillings, fenites may have undergone extensive recrystallization to the point where they resemble igneous syenites (e.g., Vartiainen and Woolley 1976) .
Pervasively recrystallized, Na-metasomatic episyenites are hosted by granites of the 1.644 Ga A-type Suomenniemi rapakivi complex in southeastern Finland (Suikkanen and Rämö 2017) . High metasomatic temperatures (>650°C estimated from alkali feldspar compositions), stabilization of secondary clinopyroxene and pervasive recrystallization of the subalkaline granites are, however, rarely described in episyenites (cf. González-Casado et al. 1996) , instead resembling fenitization (Le Bas 1987) . In addition, due to the absence of an obvious fluid source and coarse recrystallization textures present in these high-temperature episyenites, their metamorphic origin is easily masked and they may be misinterpreted as magmatic rocks.
This work is based on a novel drill core that penetrates episyenites and their host granites in the eastcentral part of the Suomenniemi complex (Fig. 1) . Spatially controlled examination of these clinopyroxenebearing episyenites and their altered granitic margins allows us to model the geochemical mass transfer processes and mineralogical evolution of these rocks to understand the genesis of the high-temperature episyenites in A-type granite complexes. We have used optical petrography, whole-rock geochemistry and isocon analysis (Grant 1986) , and electron microprobe analysis of rockforming silicates on a comprehensive set of samples recovered from the Suomenniemi drill core. The results of this contribution suggest that episyenitization and high-temperature recrystallization may lead to formation of diverse, distinctly metasomatic, syenitic rocks in A-type granite complexes.
Geological setting and target of research
The epizonal 1.644 Ga Suomenniemi rapakivi granite complex in southeastern Finland comprises a series of subalkaline amphibole, biotite-amphibole, biotite, and topaz granites (Rämö 1991; Rämö and Mänttäri 2015;  Fig. 1 ). Minor fayalite-clinopyroxene-amphibole granite bodies (ca. 1.635 Ga) and NW-striking diabase and quartz-feldspar porphyry dikes (ca. 1.635 Ga) cut the complex and the surround-ing~1.9 Ga Svecofennian bedrock. The Wiborg rapakivi granite batholith to the south of the Suomenniemi complex ( Fig. 1 ) was emplaced at~1.63 Ga (Heinonen et al. 2016) .
Episyenites are found in the east-central part of the Suomenniemi complex ( Fig. 1) . They form NW-striking, irregular dike-or pod-like bodies in a~25 km 2 area around Lake Kuolimo (Fig. 1 c) . Based on textural and mineralogical analysis of outcrop samples, Suikkanen and showing the structure of the exposed alkali-feldspar syenitic episyenite (A1164) at the drill site (episyenite marked with horizontal stripes and amphibole granite in grey). Modified from Rämö (1991) and Suikkanen and Rämö (2017) Rämö (2017) noted the intimate association of the episyenites with the surrounding granites, suggesting that they were formed from the granites by quartz depletion and alkali metasomatism caused by sodic, oxidizing fluids. High metasomatic temperatures and mineralogical parallels to fenitization led Suikkanen and Rämö (2017) to further suggest hidden alkaline magmatism as the fluid source, though no evidence of spatially connected alkaline magmas has been observed. On outcrop, five types of episyenite were distinguished by Suikkanen and Rämö (2017) based on specific mineral assemblages: (1) Calcic amphibole (hastingsite, ferro-ferrihornblende, ferro-actinolite), albite and K-feldspar; (2) calcic amphibole (hastingsite), aegirine-augite, riebeckite, albite and K-feldspar; (3) aegirine-augite, albite and Kfeldspar; (4) sodian augite-aegirine-augite and perthite; and (5) sodian augite or aegirine-augite and albite. (1) and (2) contain relict igneous minerals (hastingsite, K-feldspar, ilmenite, zircon, apatite), while the other types are pervasively recrystallized (Suikkanen and Rämö 2017) . Irrespective of the extent of recrystallization, preservation of igneous zircon is suggested by single grain U-Pb ages (ca. 1.645 Ga; Suikkanen and Rämö 2017; see also Rämö and Mänttäri 2015) and δ 18 O VSMOW values (ca. 8‰; Suikkanen and Rämö 2017; Elliott et al. 2005 ). Furthermore, whole-rock εNd(t) values of the granites and episyenites are indistinguishable (ca. -1.5; Rämö 1991; Suikkanen and Rämö 2017) .
Because of poor exposure and/or limited accessibility, the outcrops examined by Suikkanen and Rämö (2017) failed to provide clear spatial control of the position and petrologic significance of the Suomenniemi episyenites. The new drill core examined in this work allows modeling of the episyenitization process in situ.
Materials and methods

Drill core
A 150-m-long diamond drill hole (M5122016R1; core diameter 4 cm; Fig. 2 ) was drilled at a 45-degree angle beneath one of the more prominent episyenite bodies of the complex (A1164; Suikkanen and Rämö 2017; Fig. 1d ). Two episyenite bodies were found in the drill core: a syenitic episyenite (segment a, Fig. 2 ) and a quartz alkali-feldspar syenitic episyenite (segment b, Fig. 2 ). The quartz alkali-feldspar syenitic episyenite is cut by an alkali-feldspar granite aplite (ca. 30 cm wide). The episyenites are surrounded by red to dark green amphibole granite that comprises most of the drill core. These rock types were sampled for petrographic, mineral chemical and geochemical analysis.
Petrography and cathodoluminescence imaging
Textures of the episyenites and their host granite were studied from polished drill core samples (Fig. 3 ). In addition, for petrographic and mineral chemical analysis, polished thin sections were made of relevant sections throughout the drill core (Fig. 2) . Mineralogy of 26 thin section samples from the drillcore episyenite bodies, the host granite of the episyenites and the alkali-feldspar granite aplite were studied using a polarizing microscope. Most of the studied thin section samples come from the assumed continuation of the exposed episyenite body A1164 and surrounding granite at 101-105.65 m (Fig. 2 ). Relative abundances of major minerals in the thin section samples were calculated from thin section photographs using the ImageJ image processing software (Schneider et al. 2012) . Cathodoluminescence (CL) imaging was used for recognition of luminescent accessory phases (calcite, apatite, and fluorite). CL imaging was carried out at the University of Helsinki using a Lumic HC6-LM hot cathode CL microscope.
Electron microprobe analysis and scanning electron microscopy
Electron microprobe analysis (EMPA) of amphibole, pyroxene, feldspar and Fe-Ti-oxides was done from polished and carbon-coated thin sections for nine samples across the syenitic episyenite body and its surrounding granite. Amphibole, pyroxene, feldspar and garnet were analyzed for two samples from the alkali-feldspar syenitic episyenite body and for one sample from the alkali granite aplite. The EMPA analytical work was done using a Cameca SX 100 microprobe at the Geological Survey of Finland with natural and synthetic silicates and oxides used as standards. Element-specific detection limits, analyzed lines and standards used are given in Online Resource 1. Electron beam current and accelerating voltage were kept at 20 nA and 15 kV, respectively. To ensure accuracy and representability of the analyses, the beam diameter was ca. 10 μm for cryptoperthite (for bulk perthite analysis), 5 μm for other silicate minerals and 1 μm for Fe-Tioxides. Results were calculated from up to six duplicate analyses for each data point, and Fe 3+ was calculated by stoichiometry for the ferromagnesian silicates and oxides. The amphibole classification spreadsheet compiled by Locock (2014) was utilized in calculating amphibole formulae, while garnet formulae were calculated according to Grew et al. (2013) .
Main carriers of rare earth elements were identified from one sample of the syenitic episyenite using the JEOL JSM-7100F field emission scanning electron microscope (FE-SEM) at the Geological Survey of Finland. The FE-SEM was equipped with the Oxford Instruments X-Max energy dispersive spectrometer (EDS). The FE-SEM was run in high vacuum mode and using an acceleration voltage of 20 kV and a beam current of ca. 1 nA. A carbon coated thin section was scanned for all grains larger than 5 μm and more dense than zircon; pertinent phases were then qualitatively identified.
Whole-rock geochemistry
Twenty-five whole-rock samples (five episyenites, one alkalifeldspar granite aplite, 19 granites) were analyzed for major and trace elements. The selected drill-core samples were crushed with a Mn-steel jaw crusher and pulverized in a tungsten carbide bowl. Major element data were acquired at the University of Helsinki using X-ray fluorescence analysis. A lithium metaborate-lithium tetraborate flux was used in preparing fused bead samples. The beads were measured on a PANalytical Axios mAX 4 kW wavelength dispersive X-ray fluorescence spectrometer operated with PANalytical SuperQ 5.3 software. Classic matrix model calibration was applied using a blank flux sample and 42 certified reference material standards. The precision of major element oxides is less than 0.1%. Trace element and F analyses were performed by an accredited commercial laboratory (Labtium Co., Espoo, Finland) using inductively-coupled plasma mass spectrometry (method 306 M), inductively-coupled plasma optical emission spectrometry (method 306P; for Li, Sc, Sr, Y, Zn, Zr), and ionselective electrode analysis (method 725I) for F.
Results
Petrography and mineral chemistry
Descriptions of the rock types observed in the drill core are given below. Figure 3 Results of mineral chemical analyses are depicted in Figs. 6, 7 and 8 and described below. The compositions of feldspars in the granite, metasomatized granite and episyenites from the drill core are shown in an An-Ab-Or ternary diagram ( Fig. 6 ). Amphibole compositions are shown on classification diagrams for calcium and sodium amphiboles in Fig. 7 . Compositions of clinopyroxene from the drill core samples are projected in the Ae-Di-Hd ternary diagram and the composition of calcium clinopyroxene are shown in the Hd-Di-En-Fs-quadrilateral diagram in Fig. 8 . Our complete mineral chemical data are available in Online Resource 1, which also includes calculated formulae of alkali feldspar, plagioclase, amphibole, clinopyroxene and garnet of representative electron microprobe analyses.
Amphibole granite
The granite hosting the episyenite bodies in the drill core is a green (Fig. 3a ) to pale pink ( Fig. 3b ) amphibole granite with 45-65% K-feldspar, 15-35% quartz, 3-12% oligoclase and 3-5% hastingsite ( Fig. 4b; Fig. 7 ). Less than 5% of biotite and/or fayalite may be present, and ferro-actinolite ( Fig. 7) , fluorite, zircon, ilmenite and magnetite are the observed accessory minerals. K-feldspar forms large subhedral grains (1-3 cm) with composition from An 1 Ab 30 Or 69 to An 1 Ab 37 Or 62 ( Fig. 6a ). Quartz forms smaller (<0.5 cm) drop-shaped or subhedral grains typical of rapakivi granite (Fig. 4a ), as well as anhedral inclusions in K-feldspar. Quartz and K-feldspar may show undulatory extinction. Oligoclase forms subhedral-euhedral crystals (~0.5-1 cm) that display compositional zoning with 25-30 mol% An (135.7 m). i: Closeup of the metasomatized granite shows plagioclase mantled with K-feldspar and augite-magnetite aggregates formed after amphibole. j: Closeup view of the syenitic episyenite shows mainly alkali feldspar both as fine (0.1-1 mm) recrystallized polygonal crystals and larger irregular grey grains. White, recrystallized aggregates of plagioclase are present. Quartz is present with augite and magnetite. A quartz veinlet bordered by alkali feldspar, which is possibly a healed quartz-filled fracture, is also shown. Abbreviations: Ab = Albite, Aug = Augite, Kfs = K-feldspar, Mgt = Magnetite, Pl = Plagioclase, Qtz = Quartz in the cores and 18-25 mol% An in the rims (Fig. 6a ). Amphibole and biotite are subhedral or interstitial, and scarcely included in K-feldspar. Fayalite is euhedral.
The amphibole granite shows common sub-solidus changes including partial replacement of K-feldspar by (cross-hatched) microcline vein perthite and scarce replacement of K-feldspar with chessboard albite (Fig. 4b ).
Plagioclase shows seriticization or growth of mossy green aggregates (probably mainly chlorite) along twin boundaries. The color of the green amphibole granite (Fig. 3a) is caused by alteration of alkali feldspar along fractures, grain boundaries or cleavage planes. Fayalite is mostly altered to magnetite and iddingsite. Small amounts of calcite are found in altered plagioclase and in fine fractures. Thin (1-3 μm) veinlets of secondary chlorite are commonly present. Trails of fluid inclusions stripe the K-feldspar and quartz, and K-feldspar often has turbid margins.
Cataclastic amphibole granite
Cataclastic zones and fractures are present in the amphibole granite (Figs. 2 and 3c) and show micrographic intergrowths of alkali feldspar and quartz. The K-feldspar shows partial chessboard-style albitization, and the plagioclase shows extensive albitization and contains fluorite or chlorite inclusions. Fine recrystallized alkali feldspar and quartz fill fractures with chlorite. Unstrained quartz forms veinlets, in some cases with epidote. Biotite is heavily chloritized and fresh amphibole is rare in the examined samples.
Metasomatized augite-bearing granite
The episyenite bodies are surrounded by 30-50 cm wide zones of metasomatized granite with several distinct alteration features ( Fig. 3d and f) . The composition of alkali feldspar in Fig. 4 Photomicrographs of the amphibole granite (a-b) and the metasomatized granitic margins of the episyenite bodies (c-f). Crossed polarizers. a: Typical texture of the amphibole granite with subhedral plagioclase, quartz and perthitic K-feldspar. b: Chessboard albite has formed on the margin of K-feldspar crystal. c: Dehydrated granitic margin of the syenitic episyenite ca. 40 cm from the granite-episyenite boundary shows magnetite mantled by augite. Plagioclase has a continuous mantle of Kfeldspar. d: Aggregate of magnetite and augite within a Kfeldspar phenocryst about 10 cm from to the episyenite-granite boundary. Partial recrystallization of K-feldspar (Kfs1) to polygonal crystals (Kfs2) can be seen. e: Close to the episyenite body plagioclase is surrounded by polygonal crystals of perthitic Kfeldspar. Fine augite and magnetite form a granular aggregate next to quartz. f: Close to the episyenite body polygonal grains (Pl2) have formed on margin of plagioclase (Pl1). Abbreviations: Ab = Albite, Aug = Augite, Fac = Ferroactinolite, Hst = Hastingsite, Kfs = K-feldspar, Mgt = Magnetite, Pl = Plagioclase, Qtz = Quartz, Tit = Titanite, Zrc = Zircon these metasomatized granites ranges from An <0.5 Ab 32 Or 68 to intermediate composition of An 1 Ab 51 Or 48 close to the granite-episyenite boundary ( Fig. 6a ). Green augite (0-3%) with the average composition of Wo 44 En 7 Fs 49 (Na = 0.043 apfu; Fig. 8a ) forms aggregates with magnetite (Figs. 3i, 4c, d and e), and is often associated with fluorite and feldspars; these aggregates form presumably due to hastingsite or biotite dehydration as hastingsite or biotite are scarce where augite is present. Rims of perthitic K-feldspar (polygonal crystals or continuous rims) on the plagioclase-quartz grain boundaries are ubiquitous ( Fig. 4d and e ). Close to the granite-episyenite boundary, oligoclase has thin rims of Ca-rich albite (~An 9 ) and starts to recrystallize as polygonal grains (Fig. 4f ). Titanite, magnetite, ferro-actinolite, allanite, zircon, fluorite and ilmenite are accessory minerals in these altered granites. The quartz decreases in volume to 0-2% in the syenitic episyenite and to 5-10% in the quartz alkali-feldspar syenitic episyenite over a distance of 20 cm, after which hastingsite is also absent. The lower granite margin of the syenitic episyenite body includes a 10-cm-wide zone enriched in quartz (segment a, Fig. 2 ).
Episyenite
The first episyenite body in the drill core (segment a, Fig. 2 ; Fig. 3e ) has an average modal composition of a syenite and comprises 75-90% alkali feldspar, 1-15% oligoclase, 1-9% clinopyroxene and 0-2% quartz. The alkali feldspar forms irregularly shaped grey grains (average composition An <0.5 Ab 47 Or 53 ; Fig. 6a ) with pink margins (Fig. 3j ) that are surrounded by fine (0.1-1 mm) polygonal alkali feldspar ( Fig.  5a ). Oligoclase forms white granoblastic aggregates (grain size 0.1-0.5 mm; Figs. 3j and 5b) with composition from An 11 Ab 87 Or 2 to An 22 Ab 76 Or 2 (Fig. 6a ). The clinopyroxene is green hedenbergite to sodian augite with an average composition of Wo 45 En 5 Fs 50 (Na = 0.075 apfu; Fig. 8a ). Rare Fig. 5 Features of the syenitic episyenite (a-d), quartz alkalifeldspar syenitic episyenite (e) and the alkali granite aplite (f-g). Crossed polarizers. a: K-feldspar (Kfs1) has recrystallized to polygonal aggregates (Kfs2) along grain boundaries and fractures. b: Plagioclase has recrystallized to a granoblastic aggregate. c: Rim of augite crystals along the margin of a Kfeldspar aggregate. d: Augite and magnetite within a K-feldspar aggregate, surrounding a small pool of quartz and magnetite. Magnetite is mantled by titanite. e: Aegirine-augite replaces quartz along grain boundaries in quartz alkali-feldspar syenitic episyenite. f: Subhedral-euhedral albite crystals and interstitial quartz characterize the alkali granite aplite. g: The quartz alkalifeldspar syenitic episyenite has nearly completely altered to albite on the margin of the alkali granite aplite. Abbreviations: Agt = Aegirine-augite, Ap = Apatite, Aug = Augite, Kfs = K-feldspar, Mgt = Magnetite, Pl = Plagioclase, Qtz = Quartz, Zrc = Zircon quartz veinlets (~2 mm thick) bordered by fine alkali feldspar crystals ( Fig. 3j ) are present as is quartz associated with augite; quartz in the marginal zones of this episyenite body may be strained and shows grain boundary migration and subgrain formation, whereas in the middle part of the body quartz records only weak undulatory extinction. In the upper marginal zone (~0.5 m), plagioclase is scarce except for partially recrystallized and replaced grains included in alkali feldspars. The fine alkali feldspar crystals form polygonal, sometimes euhedral, grains (0.1-1 mm) within and along the grain margins of the larger alkali feldspar grains (Fig. 5a ); polygonal alkali feldspar also surround plagioclase aggregates. Some alkali feldspar phenocrysts have been completely recrystallized into granoblastic aggregates (Fig. 5c ). The fraction of this fine recrystallized feldspar is lower on the margins of the episyenite body than in the middle. Clinopyroxene is found as subidioblastic-idioblastic grains with quartz, rounded inclusions in alkali feldspar and xenoblastic interstitial masses, also within recrystallized alkali feldspar aggregates ( Fig. 5c and d ). K-feldspar has mostly recrystallized to turbid vein perthite ( Fig. 5d ), but some grains are water-clear (cryptoperthitic) under the microscope or show a finely exsolved braid perthite texture. Swapped albite rims are ubiquitous between K-feldspar grains.
The accessory minerals of the first episyenite body (segment a, Fig. 2; Fig. 3e ) include fine calcite found scarcely disseminated throughout the rock, and generally detected in the CL images. Titanite and magnetite are typically associated with augite. Small amounts of ferro-edenite and ferroactinolite are found in the upper marginal zone of the syenitic episyenite ( Fig. 7) . Ilmenite is found as exsolution lamellae in magnetite and as rare separate grains in relict plagioclase. Fine crystals of apatite are abundant. Fluorite is abundant in the upper marginal zone where it forms interstitial veinlets that host numerous grains of apatite. In this fluorite-rich upper marginal zone, FE-SEM analysis shows that apatite is found (Elkins and Grove 1990) .
Coexisting plagioclase and alkali feldspar in the metasomatized granites and especially in the episyenites show disequilibrium compositions and no equilibration temperatures can be calculated associated with monazite, xenotime and/or britholite-(Y). In addition, small fluorite grains are found in altered plagioclase on the marginal zones, whereas fluorite is rare in the middle of the episyenite body. Zircon is present throughout the body, and some zircon grains with dusty cores and recrystallized metamict margins can be found in the upper marginal zone. The second episyenite body in the drill core (segment b, Fig. 2; Fig. 3g ) has the modal composition of a quartz alkalifeldspar syenite, comprising 77-84% alkali feldspar, 1-2% plagioclase, 5-10% quartz and 3-6% clinopyroxene. Grey alkali-feldspar grains (average composition An 1 Ab 47 Or 52 ) with pink margins are surrounded by aggregates of polygonal alkali feldspar crystals. Plagioclase is present as granoblastic aggregates with composition from albite (An 9 Ab 90 Or 1 ) to oligoclase (An 12 Ab 86 Or 2 ) (Fig. 6a ). Grain boundaries are coated with hematite, which stains the rock dark red. The clinopyroxene is grass-green aegirine-augite (Ae 42 Di 8 Hd 50 ; Fig. 8a ) and forms granular aggregates, xenoblastic masses, or idioblastic crystals associated with quartz. Aegirine-augite replaces quartz along grain boundaries in some samples (Fig.  5e ). In addition, aegirine-augite close to the contact of this second episyenite body and the alkali granite aplite is Mgpoor aegirine-augite with an average composition of Ae 51 Di 2 Hd 47 (Fig. 8a) . The fraction of quartz increases towards the lower end of the quartz alkali-feldspar syenitic episyenite body (Table 1) . Quartz grains show variable deformation features, including undulatory extinction and deformation lamellae; quartz-quartz boundaries are sutured due to grain boundary migration. Riebeckite (Fig. 7) is found with aegirine-augite and more rarely interstitially, and accessory andradite forms small, round grains associated with aegirineaugite. Some perthite crystals are pervasively albitized. Calcite and riebeckite are also found disseminated in the rock, as fine inclusions in the coarsened perthite. This second episyenite body is relatively poor in magnetite compared to the syenitic episyenite, except for the altered granitic margins. At the weathered lower end of the drill core (Fig. 2) , pseudomorphs of chlorite and quartz after clinopyroxene can be seen.
Alkali granite aplite
The alkali granite aplite is a pink rock that cuts the quartz alkalifeldspar syenitic episyenite body at the deep end of the drill core (segment b, Fig. 2; Fig. 3h ). Albite (~Ab 99 ; Fig. 6a ) is the most abundant mineral in the aplite (~70%) and is present as fine subhedral to euhedral crystals ( Fig. 5f ) and interstitial grains; some coarse, twinned albite crystals in the marginal zone of the aplite have up to 3 mol% An (Fig. 6a ). Perthitic K-feldspar (~10%) is found as fine subhedral crystals and in interstitial spaces. Quartz (~20%) is also interstitial (Fig. 5f) , and ferromagnesian silicates are absent in the aplite. Perthite grains in the quartz alkali-feldspar syenitic episyenite adjacent to the alkali granite aplite are pervasively albitized (Fig. 5g ).
Whole-rock geochemistry
Pertinent geochemical analyses of the episyenites and granites from the drill core are presented in Table 1 and complete geochemical data can be found in the electronic supplement (Online Resource 2). The Na 2 O contents of the drill-core episyenites are compared to the granites of the Suomenniemi complex (Rämö 1991; Suikkanen and Rämö 2017;  this study) and the alkali granite aplite from the drill core in Fig. 9 . The REE composition of the episyenites is shown relative to the chondritic composition and the granite average from the drill core (AvGr in Table 1) in Fig. 10 .
The amphibole granite is ferroan, A-type, potassic (molar Na/ K = 0.7), metaluminous (A/CNK = 0.94) and subalkaline (NK/ A = 0.86). The Na 2 O content of the granites is quite restricted, 2.77 ± 0.08 (2σ; Fig. 9 ; Table 1 ) and they have ca. 0.33 wt.% of F. The REE patterns of the amphibole granites show little variation for the granite analyses from the drill core, but there is minor variation in total REE content [703 ± 81 ppm (2σ) in the average amphibole granite; Fig. 10a ; Table 1 ].
The metasomatized granitic margins of the syenitic episyenite show minor (0.5 wt.%) depletion in K 2 O and corresponding enrichment in Na 2 O compared to the amphibole granite. The quartz-rich metasomatic margin of the syenitic Table 1) shows minor enrichment in SiO 2 compared to the amphibole granite. The episyenites mirror the ferroan character of the amphibole granites. They have variable Na 2 O (3.96-5.43 wt.%; Fig. 9 ), are notably more sodic than the granites with molar Na/K of 0.9-1.4, and are marginally metaluminous (NK/A = 0.97-1.00 and A/CNK = 0.79-0.91; Table 1 ). The episyenites have 63.1-67.1 wt.% SiO 2 , which is inversely proportional to the Al 2 O 3 content (14.37-16.42 wt.%). The episyenites are depleted in F compared to the granites (0.04-0.17 wt.%). In addition, the syenitic episyenite is enriched in CaO compared to the amphibole granite, whereas the quartz alkali-feldspar syenitic episyenite is notably depleted in it. The quartz alkali-feldspar syenitic episyenite is enriched in MgO compared to the amphibole granite. The episyenites are generally slightly enriched in REE relative to the average amphibole granite, with the HREE enriched relative to the LREE (Fig. 10a and b) . A notable (ca. 30%) enrichment of total REE over the amphibole granite is shown by a margin sample of the syenitic episyenite body (Fig. 10b ; 101.35 m in Table 1 ). The episyenites are slightly enriched in Nb, Sn, and U, and depleted in Rb and Li relative to the amphibole granite. In addition, the syenitic episyenite is enriched in Zn relative to amphibole granite whereas Zn in the quartz alkalifeldspar syenitic episyenite is depleted.
The alkali granite aplite is sodic (7.72 wt.% Na 2 O and molar Na/K = 4.6), weakly peralkaline (NK/A = 1.01), metaluminous (A/CNK = 0.93), and very F-poor (0.02 wt.% F; Table 1 ). The aplite has a distinct chondrite-normalized REE pattern with HREE enriched relative to the LREE and a deep Eu-anomaly ( Fig. 10a ). It is also notably depleted in Ba, Rb and Sr, and has relatively high U-content (12 ppm).
Discussion
The mode of occurrence of the Suomenniemi complex episyenites as dike-or pod-like bodies (Fig. 1d ) along shear zones is analogous to episyenites elsewhere (e.g. Cuney et al. 2012; Petersson et al. 2012 ). They also inherit many of the macrotextural features of their protolith granites (Fig. 3 ), yet lack the vuggy texture that is common in episyenites (e.g. Nishimoto et al. 2014) . Moreover, hastingsite dehydration (Thomas 1982) , granoblastic recrystallization of plagioclase ( Fig. 5b ; Fossen and Cavalcante 2017; Rosenberg and Stünitz 2003 ; see also Raith et al. 2014 ) and alkali feldspar compositions in the episyenites and their immediate margins (Fig. 6a) imply high temperature during the recrystallization stage (>650°C as dictated by the position of the Or-Ab binary Table 1 Geochemical composition of selected whole-rock samples from the Suomenniemi drill core. AvGr is the average amphibole granite composition used in mass balance calculations (Fig. 2; 72 .7-92.9 m and 108.1-131.7 m, n = 10). Depth denotes position in the drill core Cathelineau 1986; Charoy and Pollard 1989) , although they are common during prevalent metasomatic conditions of pervasive fenitization (Le Bas 1987). These high temperatures and observed ductile deformation pose a challenge to quartz-depletion in dike-like bodies, as permeability of a ductile shear zone is low, which makes large fluid fluxes untenable, thus impeding quartz dissolution and Si transport. The formation of these episyenite bodies may have required brittle-to-ductile evolution of the shear zones. Due to extensive recrystallization, accurate reconstruction of the early history of these episyenites is challenging. For example, the timing of quartz-depletion is not easily constrained, nor is whether quartz was initially removed at all, although this ambiguity is not unique to the Suomenniemi complex episyenites (Petersson et al. 2014) . It is possible that episyenitization and recrystallization of the drill core episyenites occurred intermittently over a prolonged time window (Cuney et al. 2012) . The thermal history of the 1.644 Ga Suomenniemi complex is quite convoluted because of spatially connected~1.635 Ga dike magmatism (Rämö 1991; Rämö and Mänttäri 2015) and subsequent,~1.63 Ga (Heinonen et al. 2016 ) emplacement of the large Wiborg rapakivi granite batholith just south of the Suomenniemi complex (Fig. 1) . It has been postulated that the emplacement of the Wiborg batholith caused uplift of the already consolidated Suomenniemi complex, tilting it to the north-northwest (e.g. Rämö 1991) . Thus, conditions promoting shearing and enhanced, high-temperature, fluid flow along the southernsoutheastern margin of the Suomenniemi complex existed at least 10-15 m.y. after its emplacement. As the source of the fluids is not obvious (unlike in most documented cases of fenitization, for example) and the temperatures involved are so high, some attention needs to be paid to the possible role of magmatic processes in the formation of these rocks.
Episyenites or syenitesthe role of magmatic processes
In view of the coarse recrystallization textures (e.g. Fig. 5c ) and absence of hastingsite in the episyenites, it is difficult to say with certainty whether hastingsite ever existed in these zones. Exsolution of fluid from a late melt would impede formation of hydrous magmatic phases, but it is hard to envision how fluid exsolution in a magma would produce the observed dike-like geometry of these bodies, unless they were intrusive dikes rather than those formed in situ. The absence of hydrous mafic phases can also be related to post-magmatic fluid-induced dehydration (Harlov et al. 2006 ) promoted by infiltration of fluid along quartz-depleted shear zones. Rims of alkali feldspar on the plagioclase-quartz boundaries, present in the dehydrated granites surrounding the episyenite bodies (as well as in the episyenites themselves), are typical of fluid-induced dehydration of granitic gneisses (Harlov et al. 2006; Safonov et al. 2012) . It is possible that the augite formed by dehydration was metasomatically transformed to coarser augite ( Fig. 5c and d ; see also Vartiainen and Woolley 1976, p. 26) in the pervasively recrystallized episyenite; this coarsening would have led to the observed enrichment of the aegirine-component in clinopyroxene (Fig. 8) .
The non-granoblastic alkali feldspar in the drill core episyenites (Fig. 3 ) has some similarities with textures presented by Plümper et al. (2017) for the larvikites from the Oslo rift, in which primary (magmatic), grey and non-turbid ternary alkali feldspar cores are overgrown by secondary, pink alkali feldspar ( Fig. 3e and g) . The alkali feldspar in the drill core episyenites and their clinopyroxene-bearing granitic margins seems to have more of the albite component on average than alkali feldspar in the amphibole granite (Fig. 6) , having been compositionally equilibrated at some point during alteration. In the low-P, epizonal emplacement environment of the Suomenniemi complex (e.g. Rämö 1991), the intermediate and essentially Ca-free alkali feldspar composition (Fig. 6 ) and cryptoperthite texture do not necessarily imply magmatic feldspar, as the Or-Ab solvus (for alkali feldspar composition Ab 50 Or 50 ) is reached ca. 120°C below the wet granite solidus at 1 kbar (Johannes 1984; Smith and Parsons 1974) . Granoblastic recrystallization of feldspar could have also begun already at the magmatic stage in the presence of a minor melt phase (Paterson et al. 2018; Vernon 2000) . However, Suomenniemi granites Fig. 9 Composition of the episyenites and granites from the Kirvesiemi drill core as displayed by variations in SiO 2 and Na 2 O. AvGr is the average amphibole granite composition from the drill core (Table 1) . The compositions of episyenites from outcrops in the east-central part of the Suomenniemi complex (Suikkanen and Rämö 2017) are also shown. Shaded field shows the range of amphibole, amphibole-biotite and biotite granites and the striped field shows the compositions of the topaz granites from the Suomenniemi complex (Rämö 1991 and Suikkanen and Rämö 2017) . Na 2 O content in the episyenites shows remarkable variability compared to the granites of the Suomenniemi complex. The alkali granite aplite has a distinct Na-rich composition sub-solidus recrystallization of feldspars to aggregates is common in fenites (e.g. Martin and Morogan 1985) and deformed feldspathic rocks (Raith et al. 2014 ). In addition, recrystallization led to Na-enrichment in episyenite feldspars, resulting in notable compositional disequilibrium between co-existing plagioclase and alkali feldspar (Fig. 6b) , not entirely consistent with late-magmatic recrystallization (Vernon 2000) . The discussion above is consistent with two models for the formation of the syenitic rocks in the Suomenniemi complex:
Model 1: The high-temperature variants of the Suomenniemi complex episyenites are, in fact, magmatic syenites formed from F-depleted alkali feldspar-enriched Suomenniemi magmas at 1.644 Ga (e.g. Rämö 1991) . Late, alkali feldspar-enriched magmas of the Suomenniemi complex, trapped below a crystalline cover degassed during retrograde boiling and intruded into the crystalline granitic cover. The dikes were then deformed at the late-or post-magmatic stage, resulting in recrystallization of feldspar. In this model, the wall rocks are altered due to hightemperature contact metasomatism and fluid-induced dehydration of mafic phases.
Model 2: The episyenites were formed by sub-solidus quartz-depletion, dehydration, and recrystallization of the amphibole granites in situ along brittle-ductile shear zones infiltrated by external or deuteric fluids. This model would be consistent for all types of syenites (Suikkanen and Rämö 2017) in the Suomenniemi complex.
Many of the features of the examined syenitic rocks are compatible with both models, which emphasizes that distinguishing high-temperature metasomatic rocks from magmatic rocks is not trivial. In the Suomenniemi case we prefer the sub-solidus shear zone model (Model 2), possibly driven by the significant thermal anomalies in the Suomenniemi complex area 10-15 m.y. after the emplacement of the complex. This is consistent with the textural similarities between the episyenite bodies and their host granites (Figs. 3, 4, 5 ; see also outcrop photographs in Suikkanen and Rämö 2017) and the chemical and mineralogical heterogeneity of the episyenites, including uneven distribution of quartz and plagioclase in the bodies (e.g. Fig. 3e and g) .
Mass transfer modeling of episyenite and dehydrated granite
Mass transfer modeling allows assessment of the massvolume evolution of metasomatic rocks and may offer direct insight into the composition of the metasomatizing fluids. In the episyenites examined, however, the possible effects of sequential fluid imprints cannot be separated, because no intermediate steps are recognized. The average composition of 10 samples (AvGr ; Table 1 ), collected from the drill core at 72.8-98.9 m and 108.1-130.7 m (Fig. 2) , was used for unaltered granite in the following mass balance calculations. The use of average of multiple geochemical analyses is a prerequisite for mass transfer models involving phaneritic rocks. Uncertainties are markedly larger if trace element data are considered, which is illustrated by the high standard deviation for Zr (275 ± 50 ppm, 2σ) and Nb (27 ± 5 ppm, 2σ) in our reference granite composition. In this case, any interpretation based on Zr or Nb immobility is bound to be inaccurate irrespective of whether these elements are immobile. In addition, significant volume loss may be caused by leaching of quartz during episyenitization. Hecht et al. (1999) proposed up to 40% volume decrease during episyenitization of granites of the northern Bohemian Massif, Germany. Rubie (1982) calculated a volume decrease of 0-20% for the fenites of the Kisingiri alkaline complex in western Kenya, the decrease depending on whether quartz was removed (into adjacent ijolitic magma) or reacted with the metasomatizing fluid to produce aegirine-augite in situ. Estimation of volume change requires assuming one or more elements to be immobile (Grant 1986 ) and/or assessment of physical constraints such as open pores (Appleyard and Woolley 1979; Nishimoto et al. 2014) . Any component that participates in fluid-rock reactions (e.g., Al during albitization of plagioclase; Hövelmann et al. 2010 ) may be immobile in practice, if it is consumed in situ in crystallization of metasomatic phases. Gains and losses of mobile components, as well as system volume change during episyenitization, were estimated utilizing the isocon method of Grant (1986) . In this method, immobile components produce a straight line (isocon) through the origin on a C A -C O diagram, where C A and C O are the concentrations of a component in altered and unaltered rock, respectively. For example, if Al is immobile, the isocon is defined by the equation C A = (Al A /Al O )C O and components added during alteration plot above the line, whereas components removed plot below it. In addition, for zero mass change the isocon is defined as C A = C O and for no system volume change the isocon is defined as
where ρ A and ρ O are the specific gravities of altered and unaltered rock, respectively.
Isocon diagrams, depicting gains and losses of components relative to constant mass or constant Al isocons, are shown in Fig. 11 . Related mass balance calculations are given in the electronic supplement material (Online Resource 2). These constant Al and constant mass isocons approximate the maximum and minimum possible volume change (i.e.~20% and~0%, respectively, Fig. 11b ) during episyenitization, as interpreted from the range in isocon slopes and from the volume of quartz in the granite (20-30%). The maximum volume decrease of 20% during episyenitization (mostly accounted for by quartz dissolution and subsequent compaction) as a prerequisite of Al immobility is neither supported nor disproved by geological evidence due to the extensive recrystallization. Although Al is certainly not immobile during metasomatic reactions concerning feldspars, most free Al would probably be incorporated into the neoformed feldspar that crystallizes extensively during the process (Rubie 1982) . In addition, Al immobility is a common assumption or conclusion in studies of alkali metasomatism (e.g. Cuney et al. 2012; Hecht et al. 1999; Nishimoto et al. 2014; Rubie 1982 ; see also Dolejš and Wagner 2008) . Thus, we believe that the immobile Al isocon can be used adequately to model mass transfer in this system. However, minor addition of Al to the episyenites cannot be ruled out due to the poorly defined isocons and the fact that Al solubility is somewhat increased relative to pure water in NaCl-bearing solutions at conditions relevant to this study (400-600°C and 0.5-2.0 kbar) (Walther 2001) .
In the metasomatized granitic margin of the syenitic episyenite body, mass and volume would have remained constant during alteration as implied by an isocon defined by immobility of Al, Fe, Ti, Ca, Mn, Si, Sr and Ba (Fig. 11a) . This rather robust model shows that Na (0.7 g of Na 2 O per 100 g of original rock) was added to and K (0.5 g of K 2 O per 100 g) was removed from the metasomatized granite, which points to the interaction of the granite with a Na-bearing fluid. As for the episyenites, the immobile Al model implies that Na (a modest amount of ca. 0.9-1.9 g of Na 2 O per 100 g of original rock) and Sn were added, whereas Si (10-21 g of SiO 2 per 100 g of original rock), F (0.25 g), Ba, Rb and Sr were removed. As voluminous quartz vein formation is not observed in the host rocks of the episyenites, the dissolved Si would have been mainly removed along the shear zone. The quartz alkali-feldspar syenitic episyenite sample at 134.8-135.20 m (Fig. 11c) , ca. 25 cm from the alkali granite aplite, obtained the most Na (1.9 g Na 2 O per 100 g of original rock) and lost K (1.1 g of K 2 O per 100 g) because it was albitized during the emplacement of the alkali granite aplite. In addition, Mg (0.2-0.35 g of MgO per 100 g of original rock) was added to the quartz alkali-feldspar syenitic episyenite, Ca (ca. 0.5 g of CaO per 100 g) was removed from the quartz alkali-feldspar syenitic episyenites ( Fig. 11c and d) , and Ca (0.5 g of CaO per 100 g) was added to sample from the lower margin of the syenitic episyenite.
The minor LREE enrichment and notable HREE enrichment exhibited by the fluorite-bearing margin of the syenitic episyenite (Table 1 ; Fig. 10 ) suggests potential for rare earth mineralization. FE-SEM analysis indicates that the enrichment is explained by formation of monazite (LREE), as well as xenotime and britholite-(Y) (HREE). It is probably not a coincidence that the REE enrichment is associated with notable occurrence fluorite, as fluorine may play a role in mobilization of REE or deposition of these elements from a H 2 O-Cl solution (e.g. Midgisov and Williams-Jones 2014).
Consolidation of a genetic model
In view of the petrographic, mineral chemical and geochemical data on the drill-core samples, we propose a three-stage sequence for the formation the syenitic rocks of the Suomenniemi complex ( Fig. 12) . At an initial stage, brittle shear zones were formed that channeled fluids, promoting quartz-depletion and possibly some alkali metasomatism. While this initial brittle stage is largely hypothetical, the low permeability of ductile shear zones can impede major quartz dissolution and subsequent Si transport. This stage would have resembled the formation of the "type-1" episyenites of Suikkanen and Rämö (2017) . It is significant that quartz was not completely removed from the episyenite bodies at this stage (Fig. 3) , as implied by the presence of subhedral quartz especially in the quartz alkali-feldspar syenitic episyenite body in the drill core. If quartz depletion was controlled by fluid-rock ratio that was enhanced by fracturing, the quartzbearing sections may have been left more intact and stayed relatively impermeable.
In the subsequent stage, infiltration of high-temperature Na-bearing fluid along partially quartz-depleted shear zones resulted in extensive recrystallization of feldspars and dehydration of amphibole and biotite. At least minor quartz-depletion occurred by replacement (by clinopyroxene for example, Fig. 5e ). Clinopyroxene was coarsened and enriched in Na within the episyenitic zones. Feldspars were partially recrystallized to granoblastic aggregates within the episyenite bodies ( Fig. 5a and b ; Raith et al. 2014) . The plagioclase aggregates are mostly absent in samples from the upper, Krich (Table 1) margin of the syenitic episyenite body (Fig. 2;  segment a) . This mineralogical and geochemical heterogeneity along the traverse of the episyenite body is characteristic of the metasomatic process. Lastly, the alkali granite aplite intruded the quartz alkali-feldspar syenitic episyenite and caused albitization of its immediate margins.
The fluid or fluids related to this process may be magmatic and related to the rapakivi granite or mafic magmatism in the area, though involvement of meteoric water is also possible (e.g. Cuney et al. 2012) . Fluids related to a distinct alkaline intrusion below the present erosion level were suggested by Suikkanen and Rämö (2017) , based on the similarities of the outcrop samples with fenites. This possibility cannot be excluded. The alkali granite aplite that cuts the quartz alkali-feldspar syenitic episyenite indicate an undiscovered alkaline magma system (e.g. peralkaline granite) below the present erosional level of the complex. This weakly peralkaline, Na-rich and Fpoor aplite does not seem to be related to the late granites of the Suomenniemi complex or the Wiborg batholith, those being topaz-bearing peraluminous granites (Lukkari et al. 2009; Rämö 1991) . ; Table 1) to metasomatized granite (a), syenitic episyenite (b), and quartz alkalifeldspar syenitic episyenite (c-d). The two isocons are calculated assuming constant mass and immobile Al. Major elements (as oxides) and F are in wt.%, and trace elements are in ppm. The concentrations are scaled by the multipliers shown left of panels. a: Alteration from amphibole granite to metasomatized augite-bearing granite has resulted in addition of Na 2 O (0.7 g per 100 g of original rock) and minor decrease in K 2 O (0.5 g per 100 g of original rock). Most major and trace elements shown lie on the near-parallel isocons defined constant mass and constant Al. Assuming constant Al, the volume factor is~1.01 (1% volume increase). b: The slopes defined by different components do not show clustering behavior, which implies that most components were mobile during the alteration from amphibole granite to the syenitic episyenite. Fe, Mn, Mg and Ca plot close to the isocon defined by immobile Al. Assuming immobile Al, Na 2 O was added to the system (1.3 g per 100 g of original rock), whereas SiO 2 (21 g) and K 2 O (0.8 g) were removed during formation of the syenitic episyenite body. Assuming constant Al, the volume factor is~0.79, which equates to 21% volume decrease during episyenitization. c-d: Assuming constant Al, the quartz alkali-feldspar syenitic episyenite samples show volume factors of 0.86-0.09, or 9-14% volume decrease. The constant Al-model implies they have obtained 0.8-1.86 g/100 g of Na 2 O, and lost 10-15 g SiO 2 and 0.6 g CaO. In addition, sample c was albitized during the emplacement of the alkali granite aplite and as a result show depletion of K 2 O (−1.1 g/100 g) It is notable that the metasomatic minerals in the augite syenitic episyenite and its granitic margins are not particularly Na-rich, except for the feldspar. The release of Al from plagioclase and amphibole (and possible minor influx of Al) may result in preferential crystallization of feldspar and augite over aegirine-augite. This observation implies that the fluid present during formation of the syenitic episyenite, while sodic, was not strongly peralkaline. The presence of riebeckite and aegirine-augite instead of augite in the quartz alkali-feldspar syenitic episyenite may reflect the presence of a more sodic or more oxidizing fluid. The mineralogy of the altered rocks is not expected to mirror fluid evolution exactly, as varying sections of the fluid channel may have been active at different times promoted by formation of metasomatic fabrics with relatively low permeability (Petersson et al. 2012 ).
Conclusions
Augite/aegirine-augite episyenites have formed in response to one or more stages of alteration related to infiltration of Nabearing fluids through amphibole granite of the epizonal, 1.644 Ga Suomenniemi rapakivi granite complex. This process was possibly initiated by fracturing associated with quartz dissolution, followed by high-temperature, nearsolidus (e.g. 650-770°C) recrystallization leading to fluidinduced dehydration of hastingsite and biotite, and partial recrystallization of feldspars into granoblastic polygonal aggregates. Less than 50 cm of dehydrated, augite-bearing granite surround the quartz-depleted zones. Based on geochemical mass balance modeling, minor amounts of Na were introduced into the rocks; in the process, the quartz-depleted variants suffered up to 20% decrease in system volume due to quartz dissolution and compaction. The fluids responsible for the quartz-depletion and annealing may have been related to the profuse, ca. 1.635-1.630 Ga magmatism that followed the emplacement of the Suomenniemi complex.
Our new textural and geochemical data based on the novel diamond drill core, along with observations published thus far, indicate that diverse episyenitic rocks can form by metasomatic, fenitization-style processes in epizonal A-type granite complexes. Extensive field and petrographic observations are critical in recognition of high-temperature episyenites that may resemble magmatic syenites because of pervasive alteration and coarse recrystallization textures, abrupt transition from protolith to altered rock and presence of hypersolvus alkali feldspar. Thus far, the significance of metasomatism in the petrogenesis of syenitic rocks in A-type complexes may have been underestimated. 1. fracturing, episyenitization (and Na-metasomatism) cataclasite Fluid and heat source Fig. 12 Genetic model of the formation of the episyenites in the Suomenniemi drill core. 1. NW-striking fracture zones form within the Suomenniemi granite. Quartz is partially dissolved in an infiltrating Nabearing fluid and removed along the quartz-depleted columns. 2. Hightemperature (>650°C) fluid-assisted annealing the episyenite zone and its granitic margin cause breakdown of hydrous mafic minerals and recrystallization of feldspars. 3. Alkali granite aplite is emplaced and causes additional albitization of the episyenite
